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INTRODUCTION

Conventional tank battles are an important aspect of current and future warfare
techniques. A prime example was shown in Operation Desert Storm. After Iraq’s
reconnaissance capabilities were nullified by massive air strikes, the coalition forces virtually
annihilated the enemy by a swift and accurate ground attack spearheaded by relentless tank
assaults. The battlefield was a virtual ’junk yard’ of Iraqi warfare equipment. However, we
should not rest on our laurels by embracing the mindset that the best in tank gun accuracy has
been achieved. We can do more!

Consider today’s state of affairs regarding the military. Downsizing is the buzzword; not
just bodies but also training, equipment, etc, etc. The “fleet zero’ requirement which was
introduced a few years ago dovetails nicely into this concept. Basically, it means that zeroing
exercises will be conducted for the entire fleet using only a few tanks, therefore, less hands-on
firing will be conducted. The contribution of individual tubes to a tank’s accuracy is no longer
determined. Therefore, for the concept to work, variability in tube-to-tube manufacture (or
more importantly the variability that contributes to accuracy) must be minimized. It still remains
that a first round kill is paramount in tank battles. :

Through the years, the Army Research Laboratory (ARL formerly Ballistic Research
Laboratory (BRL)), Benét Laboratories (BL), Tank Automotive Command (TACOM), and
* various other agencies both domestic and foreign have been and are currently working in the
area of simulating weapon dynamics for the express purpose of determining accuracy.

At ARL considerable ongoing research in the area of dynamic simulation, projectile
disengagement and flight characteristics, gun mount and support characteristics, gun tube heating
and cooling is being conducted (refs 1-12). The list of references is just a small sample of what
has been achieved. At BL and Watervliet Arsenal considerable attention is being given to the
design and manufacture of gun tubes having consistent characteristics such as straightness, wall
variation, and material homogeneity.

In this report a correlation among gun tube, mount, projectile, and ballistic characteristics
and their combined effect upon shot accuracy is presented for a set of 120-mm M256 gun tubes
used in the dynamic index test (DIT) conducted in the early 1990s. The modelling codes used
are the Benét Uniform Segments Gun Vibration Model (USM) that was developed in the late
1980s and the code Simatic’s Simulation of Barrel Dynamics (SIMBAD) recently purchased from
the United Kingdom. Unfortunately, some of the modelling parameters are quite uncertain but
extremely sensitive in gun dynamics models, therefore, these will be used as random input
variables and their statistical impact upon model response will be determined. The overall goal
is to provide aiming point correction factors based upon system dynamics for a specific tube,
mount, projectile, and ballistic pulse. These factors may be included in the current ballistic
solution software used in the M1A1 tank.




DYNAMIC INDEXING OF GUN TUBES AND TEST RESULTS

The M256 cannon has characteristics that cause transverse gun vibrations during firing.
One of these is due to the offset breech (about 1.25 inches below center line of bore). As the
gun recoils, this offset mass produces an inertia couple that transmits a vibration wave along the
tube’s axis overtaking the projectile and disturbing the muzzle before shot exit. Also, as the
projectile travels along the bore, interactive loads develop between the tube and projectile
causing additional vibrations of both. Upon exit, the intended direction of the round has been
compromised. As ARL suggests (ref 3), the effect could be mitigated by specifying a bore profile
containing certain characteristics that minimize this effect. Based upon dynamic analysis results
at ARL, a profile could be devised which when excited would vibrate in such an manner as to
provide a relatively straight path for the projectile to follow. This would minimize side loadings
and projectile vibrations. The profile that minimizes this side loading was termed the ‘optimum
profile’. The method of implementing this feature is called dynamic indexing of the tube (DIT).

The ‘optimum profile’ is dependent upon both projectile and charge temperature; the
HEAT round has its own ’optimum profile’ as well as another for the KE round. Since the KE
round is considered critical, the ‘optimum profile’ is assumed to mean optimum for the KE
round. The profile has the following characteristics. In the vertical plane the ’optimum profile’
resembles a sine wave having a wavelength about 25 percent greater than the tube length and a
magnitude of about 0.015 inch. In the horizontal plane the optimum profile is a negative sine
wave of a wavelength equal to the tube length and a magnitude of about 0.002 inch. ARL did
not suggest that tubes be manufactured to this profile, but that they be orientated during
manufacture such that the top vertical center line of the tube be established so the tube’s actual
profile best matched the optimums. A least squares technique and a computer algorithm were
incorporated into the manufacturing process. Normally, the standard method of tube indexing
(STD) is to orient the top vertical center line of the gun such that the plane of greatest bending
is vertical and the tube’s muzzle points up. This method tends to minimize curvature due to

normal gravity droop when cannon is mounted in its vehicle.

Dynamic Indexed Tube Test

In attempted to verify the DIT claim, an extensive test was performed during the early
1990s (ref 13). A considerable number of new M256 gun tubes were specifically manufactured
for the test. Of these a number were dynamically indexed, whereas the rest were indexed
according to the standard method. The cannons were mounted on M1A1 vehicles and accuracy
tests performed. Both HEAT and KE rounds conditioned to various temperatures were used in
the test. Each tube fired three rounds using each round type and condition temperature. The
centers of impact (COI) and target impact dispersion (TID) were the primary data reported.
Reference 13 contains all the data. -

For the study to be reported herein, a portion of the unclassified data is used. The goal
is not to verify dynamic indexing but rather attempt to establish a relationship between the
calculated exit conditions of the projectile from gun vibrations models and the round’s impact at
the target for a representative sample of M256 gun tubes. It is felt that the profile characteristic
of each tube (either indexed to the optimum or standard method) has an effect upon the
projectile’s ‘ride’ down the bore and its subsequent jump upon disengagement. One round type
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conditioned to ambient temperature was chosen for the modelling. Rounds of this type were
fired through ten gun tubes. Five were dynamically indexed, whereas the remaining were
standard indexed. Profile data was received from Watervliet Arsenal’s Quality Assurance Branch
and used to establish the *best’ polynomial fit (ref 14) for each tube. The profile data, calculated
fit, and curvature derived from the second derivative of the fit for all ten tubes are shown in
Figures 1a to 1j for the vertical plane and in Figures 2a to 2j for the horizontal plane.

In Figures 1a to le, the vertical profile data, functional fits, and curvatures for the five
DIT tubes are shown. The profile characteristics are quite similar. All five tubes tend to point
down at the muzzle. Tube #4098 has the greatest deviation of 0.020 inch occurring over the last
50 inches of travel. Tube #4104 has the same amount of deviation, however, it is spread over
100 inches of travel. The remaining three tubes have deviations of lesser magnitude. The order
of fit specified on the graphs represents the order of the approximating polynomial used to
determine the continuous function that best represents the profile. The curvature function
shown on the lower graphs is derived from the second derivative of the polynomial fit. The
curvature is an important factor in dynamic modelling since it is directly proportional to the
interactive point load between projectile and tube. Hence, the greater the magnitude of
curvature, the greater the transverse load at its point of application. This implies more
movement of both tube and projectile. For the DIT tubes, the curvature in the vertical plane
tends to decrease towards the muzzle. The magnitudes near the muzzle, however, are somewhat
different. For tube #4098, the value is -40 microreciprocal inches, whereas for tube #4106, the
muzzle curvature is only 10 microreciprocal inches. The muzzle curvature for the remaining
three tubes falls between these values.

The vertical profile data, functional fits, and curvature for the five STD tubes are shown
in Figures 1f to 1j. These are similar in that the muzzle end of each points up. Tube #4992 has
the greatest profile deviation of -0.024 inch, which occurs over the last 60 inches of travel. The
orders of fit range from 3 to 5. Curvature values are somewhat unique. For tubes #4988 and
#4996, curvature tends to begin at -40 microreciprocal inches, grows to slightly above 0, and
finally ends up at 0 to -5 microreciprocal inches at the muzzle. Tube #4990 has a curvature that
is nearly a mirror image of the tubes #4988 and #4996, whereas the curvature for tubes #4992
and #4994 is very close to 0 for the entire length.

Profile data, fits, and curvature values in the horizontal plane for the DIT tubes are
shown in Figures 2a through 2e. As indicated on the plots, the orders of fit range from 2 to 5.
Tubes #4100 and #4106 possess the greatest deviation of around 0.012 inch midpoint along the
tube. Tube #4104 is nearly straight. Curvature signatures have no similarity. Tube #4104 has
nearly zero curvature, whereas tube #4106 has a curvature signature that bows down and
achieves a value of 40 microreciprocal inches at the muzzle. The curvature for tube #4098 is
nearly a mirror image of that of #4106. Curvatures for the remaining tubes in this group are
within these bounds.

For the STD tubes, the horizontal profile data, fits, and curvatures are shown in Figures
2f through 2j. Due to the indexing technique used for these tubes, the horizontal plane possesses
nearly zero profile deviation. Hence, all tubes with the exception of #4990 contain curvature
responses of less than 10 microreciprocal inches. The curvature response for #4990 begins at -30
million reciprocal inches, increases to 0 for about 75 inches, and then increases to 20
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Figure 1a. Profile and curvature vertical plane tube #4098.
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Figure le. Profile and curvature vertical plane tube #4106.
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microreciprocal inches at the muzzle. It is anticipated that very little projectile/tube interaction
will occur for these tubes.

In Figure 3 the average COI values for the ten tubes are presented. On the chart the
closed triangle symbol refers to a DIT tube and the open triangle refers to an STD tube. With
the exception of one flier for the DIT group, the remaining four responses seem to reside at a
definite location on the plot, whereas the five from the STD group reside at a different location.
The basic idea of dynamic indexing is to reduce the tube-to-tube variation in impact location and
dispersion. But as is concluded in the report (ref 13), neither dispersion has been significantly
reduced, nor has the impact location remained constant. However, as the COI data indicates,
the DIT tubes brought the impact points closer to the point of aim, which is at the crosshairs.
Additionally, the DIT tubes were not manufactured to the *optimum profile’, but rather the
tubes’ natural profile was best aligned to the optimum. (There is also some controversy as to the
processing sequence after the index plane was found.)

The idea of dynamic indexing versus standard indexing, profile samples, and partial
results of a DIT test has been presented in this section. In the next and subsequent sections
various gun dynamics models and results pertaining to estimating shot accuracy are discussed.

DYNAMIC MODELLING AND ACCURACY

For the last 15 to 20 years the use of dynamic modelling of a firing weapon has increased
substantially (refs 1,4,7,8,15,16). Through the symbiotic relationship between analysis and
experimentation, a number of dedicated computer codes written for the express use in gun
dynamic studies have evolved. These models have proven track records in their gun motion
predictive capabilities. To name a few, RASCAL, DYNA-3D, and SHOGUN are used at ARL,
and SIMBAD and USM are used at Benét Laboratories. The underlying principle governing the
use of these models is to predict the accuracy of projectile flight subsequent to exit from the gun.
The models themselves only produce the dynamic state of the gun and projectile up to the point
of exit. The models, therefore, predict the initial conditions for the projectile’s free flight
towards the target. A number of other factors such as sabot discard, projectile disengagement,
and aerodynamic jump contribute heavily to the free flight trajectory of a round. In this study
both SIMBAD and the USM are used in an attempt to establish relationships between a gun
system’s characteristics (i.c. tube, mount, projectile, and ballistics) and the impact at the target

through the use of dynamic modelling.

Simulation of Barrel Dynamics (SIMBAD) Vibration Model

The SIMBAD model developed in Great Britain (ref 17) and recently purchased by
Benét Laboratories is a quick running finite element code (fem) that employs two-dimensional
beam elements for the gun tube and a variety of options for modelling the projectile, mount, and
cradle. Regarding the tube, either the Euler-Bernoulli or Timoshenko formulation may be used.
The projectile may have its own fem representation or simply a solid shot coupled to the tube
through elastic driving bands. The mount and cradle may also have their own fem or simply a
lumped spring and mass representation. A direct fixed time step integration method is employed
to solve the system of differential equations.
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The program runs interactively through user defined inputs. For the study conducted
herein, the tube employs a 40-element Euler beam model, the mount is simulated using non-
linear elastic supports to ground, and the projectile is a solid shot with elastic centering and rear
bands. A cradle was not used. This is probably the minimum amount of information needed to
provide reasonable run times and accurate results for tube and projectile dynamics. An 8.0
millisecond (msec) simulation runs in slightly less than one minute real time.

Uniform Segments Method (USM) Vibrations Model

The USM (ref 18) employs a modal analysis technique divided into three distinct
modules. In the first, the gun-beam is axially segmented into a number of prismatic sections.
The Euler-Bernoulli partial differential equation for a uniform beam employing free-free
boundary conditions is applied locally to each segment, resulting in an ordinary differential
equation (ODE) involving functions in the spatial domain. The equation that solves this ODE is
a four-term function containing trigonometric and hyperbolic terms with unspecified coefficients.
Across segment boundaries, continuity of displacement, slope, moment, and shear are invoked.
The resulting system of equations are globally written in matrix form with the term coefficients as
the unknown vector. When solved using appropriate numerical techniques, each requested
frequency is determined and mode shape coefficients at this frequency are calculated. The
number of mode shapes needed for a convergent solution is usually around eight (which includes

two rigid body modes).

The second portion of the solution involves the application of the gun’s initial conditions.
In this step the bore profile and/or wall thickness variation (e.g. due to manufacturing anomalies)
is defined. Any additional masses such as breech, bore evacuator, thermal shroud, and/or muzzle
brake are added, the cannon support is defined, and (if the solution is in the vertical plane)

gravity droop is included.

In the final step, the dynamic response is determined by the application of the
appropriate load functions. Since the mode shapes are orthogonal, the transient solution leads to
a system of coupled second order differential equations. Standard numerical techniques are used
to solve this system, and the integrations are performed by a predictor-corrector technique
employing adaptive time stepping, if required. The code is adapted to perform multiple runs in
which both the initial conditions, the load, and many other model parameters may be changed

between runs.

The model used in this study employs a five-segment eight-mode shapes depiction for the
tube, and a breech and muzzle reference system mass both of which are offset with respect to the
bore. The gun supports are non-linear springs with clearance. The shot model in the USM isa
solid mass on hard supports, therefore, band stiffness is not modelled. Projectile eccentricity,
however, may be applied. It is modelled as a travelling couple the magnitude of which is
proportional to the round’s acceleration and the amount of eccentricity assumed for the shot.
For the USM, an 8.0-ms simulation runs in less than one-half minute, making it about twice as

fast as SIMBAD.
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PARAMETERS OF THE ACCURACY STUDY

The ultimate goal of this study is to determine whether or not the dynamic response of
the gun system can be used for predicting accuracy. The means by which this relationship may
be established is to model the test conditions of the individual shots and relate the dynamic
response at exit to the impact location of the round. To accomplish this, the values of many
system parameters are required as input to the models. With the exception of the relevant
dimensions of the gun tubes used in the test, many of remaining parameters were neither
measured nor recorded.

To deal with this problem, parametric methods are used, whereas the model is run using
ranges of values (within reasonable tolerances) for those unknown input parameters to determine
whether or not a sensitivity exists regarding its effect upon the exit conditions. If the parameter
is non-sensitive, then it is set to its nominal value throughout the remaining portion of the study.
If not, then a statistical approach is employed for selecting appropriate values and the responses
are reported by their mean and standard deviation values.

Gun Mount Specifications

The most elusive modelling parameter in this gun system is the determination of the
stiffness and clearances between the recoiling and vibrating cannon and its stationary mount. In
both SIMBAD and USM the mount is characterized by non-linear spring elements applied at the
gun’s mounting locations. The function representing this relationship need be neither linear nor
continuous.

A schematic of the major components involved in the mounting of the gun are shown in
Figure 4. Points A and B are seal locations between which the recoil fluid resides. These are
also considered the cannon’s mounting points for vibrational analysis. The spring located in this
chamber compresses between the piston head and rear surface of the cradle during recoil. It
provides the necessary energy to return the cannon to its in-battery position.” All components
except the cradle are subject to recoil motion and the major level of transverse vibration. The
adaptor, which has an internal profile closely matching the gun tube’s outer profile, is held in
place by the bearing that drives the adaptor inward thus engaging the tube’s outer surface. The
king nut, which is threaded to the outer surface of the tube, provides the clamping force to
maintain the bearing/adaptor assembly to the tube. The thrust nut is the link that marries
together all of the recoiling components. It has an internal thread that engages a mating thread
on the outer diameter of the bearing. When tightened, the load pulls the cannon and piston
forward through the bearing, king nut, tube, and breech threads. The cradle is assumed to be
grounded along the face at the shoulder located just forward of the fluid and spring chamber.
Examine feature C in the figure. This represents the forward end of the rotor and is considered
to be ground with respect to the vibrating cannon.

By examining the relevant component drawings, the range of clearances between recoiling
and stationary components has been determined. At point A (rear support), the clearance range
is 0.005 to 0.010 inch. At the forward support (point B), the clearance range is 0.001 to 0.011
inch. When the cannon is within the clearance, its transverse motion is unopposed by any
external loads except its own inertia. To determine the structural resistance during contact, a
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twofold approach was employed. Since the cradle is assumed to be ‘grounded’ along its midaxial
location (see feature C in Figure 4), both the breech and the muzzle end resemble short
cantilever beams. Stiffness values for this type of structure is well documented in textbooks on
deformable materials. For the dimensions of the mount in question, cradle stiffness values based
upon the described beam model are on the order of 40 million pounds per inch. By using linear
stiffness values of this magnitude, the interface loads will most likely be grossly inaccurate.
Therefore, a second type of response, namely Hertzian contact, was applied in series with the
beam model. Hertzian contact is a microscopic model in which the local deformations and
contact stresses between elastic components of various geometries are determined. Unlike the -
beam model whose stiffness is constant regardless of the level of deformation, the interface
stiffness in the Hertz model begins at zero and rapidly rises in a non-linear fashion for increasing
penetration between materials. The geometry of the interface components has a direct influence
upon the load-deflection response for the Hertz model. By employing these two models in
series, a slightly non-linear load-deflection response occurs that is more realistic than using either
as a sole resistive load.

Projectile StiffnesS Specifications

Projectile flexibility is included in the SIMBAD model only. Its most basic
implementation is to consider a solid projectile body coupled to the tube through two elastic
elements at the projectile’s bore riding locations. For the DIT data being modelied, the round
type contains a semi-rigid sabot constructed of aluminum and nylon. See Figure S for schematic
details of the round. Lyon (ref 11) tested this round and provided experimental data for stiffness
at both the front and rear bore riders. As indicated in his report, the stiffness for both is non-
linear. The material resistance is small during initial sabot deflection, then gradually increases as
deflection becomes greater. This, of course, is quite understandable since the interaction
between the sabot and tube is like a Hertzian contact situation. Resistance is light during initial
penetration and builds rapidly thereafter. A second characteristic of this round is that due to its
construction (three symmetrical petals of 120-degree included angle), the assembly stiffness is a
function of the location around the sabot’s periphery. For example, if the projectile is oriented
such that the load is applied to the circumferential center of a petal, its stiffness is different than
if the load were applied at the joint between two petals. The stiffness range around the
periphery varies from 5 to 45 percent of the maximum stiffness value. In Table 1, values for
stiffness and their applicable deflection ranges are given.
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Table 1. Sabot Stiffness For Generic Kinetic Energy Round

Edge 0-6.0 0.267 6.0-16.0 0.447

Front Center 0-7.0 0.204 || 7.0-15.0 0.425
Edge 0-2.0 0.952 Il 2.04.0 2.80
Rear Center 0-4.0 0.513 " 4.0-6.0 2.32 II

To determine the sensitivity of the projectile response to stiffness, various values within
the ranges listed in the above table will be used in the SIMBAD model.

Projectile Eccentricity Specifications

Projectile eccentricity values in the radial coordinate may be used in both SIMBAD and
USM models. To determine a representative range for this parameter, engineering drawings of
the subject round were studied. This method yielded very sketchy results. Eccentricity tolerance
is not explicitly called out on either component or assembly drawings. Concentricity features of
the projectile components were used to determine valid ranges for eccentricity values. This
method yielded a maximum value of up to 0.05 inch of round eccentricity. The upper bound of
0.05 inch is used in the parametric study to follow.

Ballistic Uncertainties

Tolerances on ballistic performance are usually determined by examining variations in
projectile velocities from shot-to-shot at a specific propellant-conditioning temperature. This
information has not been retained for the subject test, therefore, a nominal tolerance of * 5
percent is assumed for the parametric study. This value is slightly larger than normally found in
previous tests, however, results for this level of uncertainty will be interesting to study.
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SENSITIVITY TO VARIATION IN SYSTEM PARAMETERS

The conduction and results of parameter sensitivity analysis are presented and discussed
in this section. The purpose of this study is twofold. First, we must identify the sensitivity of
unknown test parameters so that appropriate allowances can be made during subsequent
analyses. Second, since we are using two widely different approaches for simulation, the
comparisons between results from both allows us to quickly spot anomalies in either or both
models and to make an educated decision in selecting the model of choice for future studies.

Both models provide a myriad of point and transient graphical output. We focus on two
point values, only: namely, (1) muzzle jump and (2) projectile jump at projectile exit. Jump
values are estimates of the deviation in the exit direction of the projectile with respect to the
initial aiming direction at the onset of firing. Since both muzzle and/or projectile jump at exit
are related to the initial values for the projectile’s in-flight condition, their values may be
proportional to the impact location at the target.

Parameter Values

In the last section the focus was on possible ranges for unknown parameters. In the
following paragraphs nominal and range values for these parameters are presented.

1. Tube profile. The nominal values for tube profile for the ten tubes in the test are
calculated as previously described. Ranges of values are not used for this parameter.

2. Mount specifications. The nominal clearance value for the rear support is 0.005 inch.
No range is used for this parameter. For the front support, the nominal value is again 0.005
inch, with a range of 0.001 to 0.011 inch in five increments. Stiffness values are calculated based
upon clearance and the contact/beam approach previously cited. The nominal value for the
modulus of elasticity is 30.0 Mpsi with no tolerance used.

3. Ballistic specifications. A nominal set of pressure, acceleration, velocity, and travel
curves has been generated using a standard ballistics modelling code. To allow for a range of
values, scale factors from 0.95 to 1.05 inch in four increments were used to simulate variances in

ballistic response.

4. Projectile bore rider stiffness. For the muzzle jump calculations, an extremely stiff set
of riding bands is used for the SIMBAD model. For the USM model, the projectile is
considered solid. For the projectile jump calculations in the SIMBAD model, the nominal
stiffness of the rear bore rider is 14.0 million pounds per inch (M-Ib/inch) with a range of 6.0 to
22.0 M-lb/inch in eight increments. For the front bore rider, the nominal value is 4.5 M-lb/inch

with a range of 2.3 to 6.9 M-lb/inch.

5. Projectile eccentricity. For both models, the nominal value for eccentricity is zero
with a range of 0.05 inch in two increments at four orthogonal circumferential locations.

32




Response Presentation

The muzzle and projectile jump values for each parameter are plotted on two-
dimensional target-type graphs in cartesian coordinates that include the actual shotfall data at
800 mils for the corresponding shots. There are two charts per gun tube: one for gun jump and
one for projectile jump. For example, suppose we wish to represent the muzzle jump sensitivity
to mount clearance for tube #4100. While setting all other parameters equal to their nominal
values (i.c., ballistics, eccentricity, etc.), a series of runs using each model is conducted while the
mount clearance parameter is incremented through its expected range of values. The muzzle
jump (both vertical and horizontal) for each run is plotted on its target graph along with the
actual data for the corresponding shot. By presenting the sensitivity results in this manner, a
model/model and model/test comparison can be shown. As a result of this exercise, follow-up
studies are anticipated.

Graphical presentations of these results are found in Figures 6a and 6b through Figures
15a and 15b. The figure number delineates the results by tube number. Results for the DIT
tubes are shown in Figures 6 through 10 and for the STD tubes in Figures 11 through 15. Figure
letter 'a’ presents calculated muzzle jump values (both models) for a solid projectile, and figure
letter *b’ presents projectile jump values (SIMBAD model) for a flexible band projectile. On
chart ’a’ three graphs are shown: namely, the muzzle jump responses for the mount, ballistic, and
eccentricity parameters. On chart b’ four graphs are shown: namely, the projectile jump values
for the mount, ballistic, eccentricity, and projectile stiffness parameters.

Response Discussion
Group 1. DIT tubes; muzzle jump; solid shot; Figures 6a,7a,...,10a

In viewing the overall results for this group, the vertical response due to the mount
parameter indicates the greatest variation. The vertical response range for the USM is about
0.80 mils, whereas for the SIMBAD model the range is slightly less. In the horizontal plane little
sensitivity (0.10 mils maximum) is indicated in either model. The absolute location for the -
mount response is very close to the origin of the target for both models. Tube-to-tube
sensitivities appear to be minimal. Regarding the ballistic parameter, the responses for both
models are insignificant when compared to the responses due to the mount. The vertical range
for the USM is 0.20 mils with very little sensitivity in the horizontal plane. For SIMBAD the
vertical response is about half that of the USM, however, for tubes #4098 and #4106 some
deviation exists in the horizontal plane. The nominal value for the center of each group is
slightly below the horizontal axis and to the left or right of the vertical axis depending upon the
tube. Muzzle jump response to the projectile eccentricity parameter is quite excessive in both
planes for both models. Each eccentricity value was orthogonally located beginning at 45 degrees
from the horizontal line through the diameter of the gun and ending at 315 degrees. The
responses are symmetric for both models and for all tubes in the group. The range envelope for
the USM response is 0.50 mils considering an eccentricity value of 0.05 inch, whereas the
SIMBAD response is about half this value. The variation between models may be due to the
estimated projectile stiffness used in SIMBAD. This stiffness that simulated a solid shot was -
chosen such that the time step needed for convergence was reasonable in regard to calculation
time. The value chosen may have understated physical reality. For both models the range of
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response values is the same regardless of the tube. It may be concluded that tube profile and
projectile eccentricity are independent drivers of muzzle jump.

In regard to the model’s predictive capabilities, the exception seems to be tube #4098.
The shotfall patterns for the all other tubes are quite similar. All lie in the first quadrant of the
target within the rectangular envelope of 0.2 to 0.3-mils horizontal and 0.4 to 0.8-mils vertical.
Shotfall for tube #4098 straddles the second and third quadrants. If we exclude the shotfall
results for this tube, the following may be speculated. Owing to the uncertainty in the
dimensions of the mount components, it is quite conceivable to select a clearance value such that
the predicted vertical muzzle jump of the modelling results approach the vertical jump
component of the firing data. By selecting the mount clearance in the 0.007 to 0.009-inch range,
the predicted vertical jump values for both USM and SIMBAD lie between 0.40 to 0.50 mils,
which is close to the test results. In the horizontal direction the mount parameter has little
effect, however, by varying the projectile eccentricity (probably a random variable), both the
vertical and horizontal components of predicted muzzle jump are affected. The ballistic
parameter has little effect on predicting shotfall patterns. '

Group 2. DIT tubes; projectile jump; flexible shot; Figures 6b,7b,..,10b

The projectile jump response in the vertical direction is again most sensitive to mount
clearance. For all tubes the vertical jump response range lies between 0.25 and 0.45 mils. The
horizontal component is nearly zero. In comparing the muzzle jump values for a solid round to
the projectile jump values for the flexible round as a function of mount clearance, the mean for
the flexible round is 0.20 mils greater with a range about one-half that of the solid round. The
response range due to the ballistic parameter is like its muzzle jump counterpart--small in the
vertical direction and practically nil in the horizontal direction. Projectile jump shows no
sensitivity to eccentricity. As indicated on the graphs, all eight cases for this parameter are
nearly superimposed. On the other hand, projectile stiffness affects the jump response in both
the vertical and horizontal directions. In addition there appears to be a tube dependency since
the results for all tubes in this group have their own characteristic patterns. In Table 2 the
extreme locations for the response due to projectile stiffness are reported by tube number.

Table 2. Projectile Jump Extremes, Flexible Round, DIT Tubes

-0.05 to 0.20 0.10 to 0.40
4100 -0.20 to 0.05 -0.05 to 0.35
4102 -0.10 to 0.10 0.00 to 0.35
4104 0.00 to 0.00 0.20 to 0.50
4106 -0.30 to 0.00 -0.05 to 0.35

34




120mm M256 ACCURACY STUDY

COI DATA vs GUN JUMP
for VARIOUS SYSTEM PARAMETERS
TUBE #4098 (DIT INDEX)

N MOUNT BALLISTICS
% 12 s GO DATA % 1215 GoiDATA
E a USM E a UM |
—~ 08|2 ) ~ 0.8 ——g‘:‘m‘
3 3 |
2 0.4 2 0.4 -
< © s < * |
O 0.0 ° ) )
!0—: ol: E 0.0 .:—*
S 04 S —04

~0.8-0.4 0.0 0.4 0.8
HORIZONTAL JUMP (mils)

~-0.8-0.4 0.0 0.4 0.8
HORIZONTAL JUMP (mils)

PROJO ECCEN.

2 12 o GOI DATA
'g a USM

~ 0814

o

s

2 04

- [ ]

S 00 Y,
E Q4 2,
> 0.4

-0.8-0.4 0.0 0.4 0.8
HORIZONTAL JUMP (mils)

Figure 6a. COI data and calculated gun jump: tube #4098.
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Figure 6b. COI data and calculated projectile jump: tube #4098.
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Figure 7a. COI data and calculated gun jump: tube #4100.
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Figure 7b. COI data and calculated projectile jump: tube #4100.
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Figure 8a. COI data and calculated gun jump: tube #4102.
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Figure 8b. COI data and calculated projectile jump: tube #4102.
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Figure 9a. COI data and calculated gun jump: tube #4104.
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Figure 9b. COI data and calculated projectile jump: tube #4104.
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Figure 10a. COI data and calculated gun jump: tube #4106.
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Figure 10b. COI data and calculated projectile jump: tube #4106.
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In regard to using projectile jump to predict shotfall, many of the same conclusions for
using muzzle jump as a predictor may be drawn. For example, if tube #4098 is excluded, the
mount clearance that best allows the projectile jump calculations in the vertical direction to
approach the firing data is 0.009 inch. In addition, for a specified mount clearance, the projectile
jump values in the vertical direction are about 0.20 mils greater than their muzzle jump
counterparts for the solid shot. Since the vertical component of the shot data is greater than
either projectile or muzzle jump, this slight increase realized by using projectile jump means that
the calculations are producing results that are closer to the actual data. Neither ballistic
deviations nor projectile eccentricity drive the response towards the data, however, projectile -
stiffness holds some promise. The fact that this parameter, which in itself is a random variable,
drives the response in both directions makes it quite attractive for use in a simulation study using
statistical methods for parameter selection.

Group 3. STD tubes; muzzle jump; solid shot; Figures 11a,12a,...,15a

The groupings for the muzzle jump responses for the STD tubes show many of the same
tendencies that the DIT tubes possess. Mount clearance is the most sensitive parameter, driving
vertical jump values through a range of 0.90 mils for the USM and 0.70 mils for SIMBAD. The
mean values are between 0.10 and 0.25 mils for both models. The horizontal response range is
nearly O for the USM and 0.15 for SIMBAD. Muzzle jump due to ballistic deviation and
projectile eccentricity behave similarly to that of the DIT tubes. The typical vertical jump range
as a function of ballistic deviations is 0.20 mils for the USM and 0.12 mils for SIMBAD. Muzzle
jump due to projectile eccentricity indicates considerable activity in both planes for both models.
However, the response range is independent of the tube. As before, the USM response range is
twice that of SIMBAD.

All shotfall patterns tend to reside in the first quadrant and just to the right of the
vertical axis. Vertical shotfall is greater for this group than for the DIT tubes. Vertical range is
between 0.6 and 1.0 mils, while the horizontal range is between 0 and 0.2 mils. Much like its
DIT counterpart, using a mount clearance value of 0.009 inch allows the vertical jump
calculations to approach the firing data. )

Group 4. STD tubes; muzzle jump; flexible shot; Figures 11b,12b,...,15b

The projectile jump tendency for this group is very similar to that of the previous group.
The range in vertical jump values is around 0.50 mils, whereas the horizontal jump is less than
0.10 mils. The vertical response range due to ballistic variations is within 0.20 mils and the
horizontal range is less than 0.05 mils. Sensitivity to projectile eccentricity is non-existent. For
tubes #4992, #4994, and #4996, the response to projectile stiffness lies mostly in the vertical

- plane, while the remaining two tubes show sensitivities in both planes. This response is again

dependent upon the tube. In Table 3 the actual range boundaries for the jump response due to
projectile stiffness is shown by tube number.
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Table 3. Projectile Jump Extremes, Flexible Round, STD Tubes

4988 0.01 to 0.80 0.00 to 0.46
4990 0.39 to -0.10 0.16 to 0.42
4992 0.01 to 0.01 0.11 to 047
4994 -0.03 to 0.02 0.09 to 041
| 4996 0.0 to 0.01 0.03 to 048 |

In regard to predicting shotfall, the comments made for the DIT tubes apply equally as well for

the tubes in this group.

The results presented in this section indicate that many of the unknown or unmeasured
system parameters influence shot dynamics. Under these circumstances, it is quite difficult to
predict shotfall locations. In the next section an attempt to resolve this shortcoming through the
use of probabilistic design theory is presented. Basically, statistical distributions of the unknown
parameters are chosen as model inputs. The resulting response values are reported as statistical

distributions as well.
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Figure 11a. COI data and calculated gun jump: tube #4988.
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Figure 11b. COI data and calculated projectile jump: tube #4988.
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Figure 12a. COI data and calculated gun jump: tube #4990.

49




120mm M256 ACCURACY STUDY

COl DATA vs PROJECTILE JUMP

for VARIOUS SYSTEM PARAMETERS
TUBE #4990 (STD INDEX)

[\

MOUNT

[ ]
A

ot
o

)

o
o

> > >

VERTICAL JUMP (mi|s)
o
'

-0.4

VERTICAL JUMP (mils)

-0.8 -0.4 0.0 0.4 0.8
HORIZONTAL JUMP (mils)

PROJO ECCEN.

- 1.2 S DA
-E A SIMBAD
~ 0.8

o

=

2 04 ry
=

O 0.0

1~

s =0.4

VERTICAL JUMP (mils)

-0.8-0.4 0.0 0.4 0.8
HORIZONTAL JUMP (mils)

BALLISTICS
1.2 — Ty
4 SiNBAD
0.8
0.4
'.
0.0
-0.4

-0.8-0.4 0.0 0.4 0.8
HORIZONTAL: JUMP (mils)

PROJO STIFFNESS

1.2 r DA
A SIMBAD
0.8
0.4 z
A
0.0 ‘
a
-0.4

-0.8-0.4 0.0 0.4 0.8
HORIZONTAL JUMP (mils)

Figure 12b. COI data and calculated projectile jump: tube #4990.
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Figure 13a. COI data and calculated gun jump: tube #4992.
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Figure 13b. COI data and calculated projectile jump: tube #4992.
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Figure 14a. COI data and calculated gun jump: tube #4994,
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Figure 14b. COI data and calculated projectile jump: tube #49%4. -
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Figure 15a. COI data and calculated gun jump: tube #4996.
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Figure 15b. COI data and calculated projectile jump: tube #4996.
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PROBABILISTIC ANALYSIS AND ITS RELATIONSHIP TO ACCURACY

From the results presented in the last section it appears that the use of a purely
deterministic analysis model to predict shot accuracy as a function of exit conditions will fail.
The values of critical system parameters are problematic. The results from the sensitivity study
indicate that both muzzle and projectile jump at shot exit are quite sensitive to a number of the
defining parameters in both models. To reiterate mount clearance, tube profile/curvature,
projectile eccentricity, bore rider stiffness, and to a lesser degree the shot-to-shot variations in
ballistics have an effect on the kinematic conditions at projectile exit. To conclude this study dand
hopefully generate meaningful results, probabilistic methods are implemented. The model’s
parameters are defined as random variables using the appropriate statistical distributions selected
by interpretation of engineering drawings or experimental data.

Parameter Statistics and Distributions

As previously indicated, the most sensitive parameter is the physical dimensions of the
gun mount components and their combined contribution to clearance between the recoiling parts
and the cradle. Given that we possess no knowledge of these dimensions for the test
components, we may conjecture as to their values by employing the results of the sensitivity
study. Since it may be assumed that the same mount was used throughout the test, clearances
between components should have been consistent from tube to tube. For all but one case (tube
#4098), by setting the clearance value to 0.009 inch for both models, the predicted vertical jump
for the tube and projectile closely match the actual values from the test. For this reason the
clearance value of 0.009 inch is chosen for the remainder of this study. Since reasonable ballistic
deviations at the given temperature of the propellant had little effect upon the exit conditions for
either model, randomness in the ballistic parameter is not considered. Rather, nominal values as
calculated by internal ballistic routines are used to drive the dynamics. (Note: if the propellant
temperature changed from shot-to-shot, a different table of values for the ballistic load and
projectile kinematics would be needed.)

The two remaining parameters, both of which are related to the projectile, are bore rider
stiffness and mass eccentricity. The experimental values generated by Lyon (ref 11) are the basis
for setting the probabilistic bounds on the stiffness parameter, whereas the engineering
specifications regarding projectile concentricity are used to define eccentricity bounds. In his
experimental work Lyon found that the range in radial stiffness for the rear bore rider was from
0.50 to 2.80 million pounds per inch (M-Ibs/in.) depending upon the orientation of the sabot
parting lines and the depth of penetration into the material. For the front bore rider the range
is 0.20 to 0.48 M-Ibs/in. given similar stipulations. The analysis uses three normally distributed
random value levels of stiffness each having its own mean and standard deviation. Ten shots are
*fired’ in SIMBAD for each tube and stiffness distribution. Terminology and distribution
statistics are shown in Table 4.
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Table 4. Probabilistic Distribution of Bore Rider Stiffness

Flexible 0.75 M-Ib/in. 0.25 M-Ib/in.
Bands Front 0.25 M-Ib/in. 0.05 M-Ib/in.
Normal Rear 1.75 M-lb/in. 0.50 M-Ib/in.
Bands Front 0.35 M-Ib/in. 0.10 M-Ib/in.

Stiff Rear 250 M—lb/ll’l 0.75 M-lb/ln
Bands Front 0.45 M-Ib/in. 0.20 M-Ibjin.

To assess the effect of projectile eccentricity, the USM is used. Eccentricity data on the
round used in the test is unavailable, therefore, we must rely upon estimates from the
dimensions, tolerances, and concentricity notes on the projectile’s engineering drawings. From a
cursory look at the specifications, it appears that a reasonable upper bound for mass eccentricity
is 0.05 inch. Therefore, in a manner similar to the treatment of stiffness, three levels of
eccentricity are chosen and random samples from a normally distributed set are input to the
model. As with SIMBAD, ten shots are ‘fired’ and the muzzle jump at exit is studied.
Terminology and distribution statistics are shown in Table 5. '

Table 5. Probabilistic Distribution of Projectile Imbalance

Identification an

Mostly concentric 0.000 inch 0.005 inch
Mildly eccentric 0.025 inch ~ 0.010 inch
Heavily eccentric 0.050 inch 0.025 inch

The angular locations of these eccentricities around the o’clock positions in the bore are
randomly selected from a uniform distribution. The results are plotted on target graphs similar
to those illustrated in the previous section. '

Response Discussion

The muzzle and projectile jump values (triangle data symbols) for each parameter
distribution are plotted on two-dimensional target-type graphs that include the actual shotfall
data at 800 mils (circle data symbols) for the corresponding shots. There are two charts per gun
tube: one for gun jump and one for projectile jump. Each chart contains three graphs
highlighting the response for the random distributions of the test parameter. Each graph
contains the results of ten independent runs.
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The results for this study are found in Figures 16a and 16b through Figures 25a and 25b.
The figure number delineates the results by tube number. Results for the DIT tubes are shown
in Figures 16 through 20 and for the STD tubes in Figures 21 through 25. Figure letter ‘a’
presents calculated muzzle jump values for a solid projectile at various eccentricity distributions
using the USM, and figure letter ’b’ presents projectile jump values for a flexible projectile at
various band stiffness distributions using SIMBAD.

Group 1. DIT tubes; muzzle jump response; solid shot at various eccentricity
distributions; Figures 16a,17a,...20a -

An assessment of the overall response for this group of tubes indicates that there is a
subtle tube dependence on the location of the mean values (filled triangles) of the muzzle jump
for the various eccentricity distributions. All of these values are located within a 0.05-mils radius
of the point 0.00-mils horizontal and 0.40-mils vertical. As should be expected, the spread
among the individual responses increases as the distributions progress from ‘mostly concentric’ to
’heavily eccentric’. The mean value, however, shows little sensitivity to the distribution. Another
interesting point is that the spread in response values is not a function of the tube. Note that
each of the individual response patterns with respect to its mean value for a given eccentricity
distribution are the same regardless of the tube. This indicates that the muzzle jump response
due to eccentricity is strongly a function of projectile eccentricity distribution, but it is
independent of tube profile/curvature. With the exception of tube #4100 for mildly and heavily
eccentric projectiles, the correlation with the shot data does not exist.”

Group 2. DIT tubes; projectile jump response; flexible shot at various band stiffness
distributions; Figures 16b,17b,...20b

For this group, the tube-to-tube response definitely indicates a dependence on bore
profile. For a given stiffness distribution, the mean value and its spread is markedly different for
each tube. For example, the response for “flexible bands’ in tube #4098 (Figure 16b) resides
above and to the right of the 0.00-mils horizontal and 0.40-mils vertical location, whereas for
tube #4106 (Figure 20b) the response for the same distribution resides below and to the left of
this point. In general, for a given tube the response due to “flexible bands’ has the greatest
spread of the three, whereas the response to ‘normal’ and ’stiff bands’ is comparable. In
addition, as the stiffness distribution increases, the jump response in the vertical direction tends
to increase. The same cannot be said for the horizontal response. With the exception of tube
#4104 (Figure 19b), the response values are distributed along both horizontal and vertical
directions. Since the DIT tubes usually possess more horizontal curvature than the STD tubes,
this type of response further confirms the correlated dependence of tube profile and stiffness
upon projectile exit. The only responses that tend to match the shotfall patterns are the
responses for tube #4100 (Figure 17b). Individual response values and shot data nearly overlap
for all stiffness distributions.
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120mm M256 ACCURACY STUDY
PROBABILISTIC ANALYSIS

COI TEST DATA vs CALCULATED GUN JUMP
for PROJECTILE ECCENTRICITY DISTRIBUTIONS
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Figure 16a. Probabilistic analysis of gun jump: tube #4098.
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Figure 16b. Probabilistic analysis of projectile jump: tube #4098.
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COI TEST DATA vs CALCULATED GUN JUMP
for PROJECTILE ECCENTRICITY DISTRIBUTIONS
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Figure 17a. Probabilistic analysis of gun jump: tube #4100.
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Figure 17b. Probabilistic analysis of projectile jump: tube #4100.
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Figure 18a. Probabilistic analysis of gun jump: tube #4102.
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Figure 18b. Probabilistic analysis of projectile jump: tube #4102.
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Figure 19a. Probabilistic analysis of gun jump: tube #4104.
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Figure 19b. Probabilistic analysis of projectile jump: tube #4104.
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Figure 20a. Probabilistic analysis of gun jump: tube #4106.
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Figure 20b. Probabilistic analysis of projectile jump: tube #4106.
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Group 3. STD tubes; muzzle jump response; solid shot at various eccentricity
distributions; Figures 21a,22a,...25a

The comments made for group 1 apply to this group as well. For any tube the mean
value of the response is not a function of distribution, and the spread around the mean is the
same regardless of tube. Correlation exists for tubes #4988 (Figure 21a) and #4994 (Figure
24a) in that the response spread for ‘mildly’ and ’heavily eccentric’ projectiles overlaps the COI
distribution.

Group 4. STD tubes; projectile jump response; flexible shot at various band stiffness
distributions; Figures 21b,22b,...25b;

In a manner similar to that of group 2, the overall response for this group is dependent
upon tube profile and level of projectile band flexibility. The greatest spread in response occurs
for the ’fiexible band’ distribution, whereas for the ’normal’ and ’stiff bands’ the spread in
response is comparable. With the exception of tubes #4988 and #4990 (Figures 21b and 22b),
the response spread is in the vertical direction only. The most probable cause lies in the nature
of the STD indexing. Recalling the procedure, all tubes in this group have their plane of
maximum curvature oriented in the vertical direction with the muzzle pointed up. Therefore,
very little if any curvature exists in the horizontal plane. Hence dynamic response to bore profile
is absent in this plane. Also, as the band stiffness distribution increases in mean value, the jump
response increases in the vertical direction much the same as that for group 2. Again horizontal
jump shows no sensitivity to increase in stiffness. Regarding correlation to test data, the
response values for tube #4988 (Figure 21b) at ‘normal’ and ’stiff bands’ overlap the shotfall
mean value. Tube #4994 (Figure 22b) has reasonably good correlation in the vertical direction
at ’normal’ and ’stiff bands’, whereas the remaining tubes predict vertical exits that are at least
0.50 mils less than the test data. Horizontal correlation for this subset is poor.

70




120mm M256 ACCURACY STUDY
PROBABILISTIC ANALYSIS

COI TEST DATA vs CALCULATED GUN JUMP
for PROJECTILE ECCENTRICITY DISTRIBUTIONS

VERTICAL JUMP (mils)

TUBE #4988 (STD INDEX)

; '2RELATIVELY CONCENTRIC 1.2 MILDLY ECCENTRIC
. T T ’u? . Y T
| = | COI [DATA
COI\DATA . é \\ .
O.B \ o) % 0 8 \ o)
3 2 -
W |
0.4 o} < é 0.4 (o} AN
F MODEL - E MODEL 4
(10 SHOTS) Ll (10 SHOTY)
0.0 . > > 0.0 . -
-0.4 0.0 0.4 -0.4 0.0 0.4
HORIZONTAL JUMP (mils) HORIZONTAL JUMP (mils)
HEAVILY ECCENTRIC
—~ 1.2 r v
0
'g | COI DATA
- \\ o
3 o«
g g A1%
- L.
é 0.4 o) \
'n_: MODEL
w (10 SHOTS)
> 0.0 N

-0.4 00 0.4
HORIZONTAL JUMP (mils)

Figure 21a. Probabilistic analysis of gun jump: tube #4988.

71




120mm M256 ACCURACY STUDY
PROBABILISTIC ANALYSIS

COl TEST DATA vs CALCULATED PROJO JUMP
for PROJECTILE STIFFNESS DISTRIBUTIONS
TUBE #4988 (STD INDEX)

1.9 FLEXIBLE BANDS 2 NORMAL BANDS
E ‘ ' l :f h col uml '
E [ oom E TN
o o)
0.8 .8
s G S 0 \%
5 i =) I
- - \
| A -
g 04 - 3 04 o—\gost
E | "°°§;s | E | (10 SHaTS)
> 0.0 L] > g0 : :
=0.4 0.0 0.4 -0.4 0.0 0.4
HORIZONTAL JUMP (mils) HORIZONTAL JUMP (mils)
STIFF BANDS
~ 1.2 v N
(/2]
"'é' | €Ol PATA
o 0.8 \1 °
S
5 ! \
=]
=]
< 0.4 3
O © MODEL
e : (10 SHATS) -
L
> 0.0

~0.4 0.0 0.4
HORIZONTAL JUMP (mils)

Figure 21b. Probabilistic analysis of projectile jump: tube #4988.
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Figure 22a. Probabilistic analysis of gun jump: tube #4990.
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Figure 22b. Probabilistic analysis of projectile jump: tube #4990.
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Figure 23a. Probabilistic analysis of gun jump: tube #4992.

75




120mm M256 ACCURACY STUDY
PROBABILISTIC ANALYSIS

COl TEST DATA vs CALCULATED PROJO JUMP
for PROJECTILE STIFFNESS DISTRIBUTIONS
TUBE #4992 (STD INDEX)

FLEXIBLE BANDS 1.2 NORMAL BANDS

~ 1.2 —~
) )
.E S /P (o] 'E (o}
& 08 [corpam s 08 oo
—d -
é 0.4 ;_:2 0.4 wooe.
e woeL | & (10 SHOTS) ]
[} (10 SHOTS) ]
> 0.0 . — > 00 - :
-0.4 0.0 0.4 -0.4 0.0 0.4
HORIZONTAL JUMP (mils) HORIZONTAL JUMP (mils)
STIFF BANDS
- . .
N i o
o 0.8 >
= col T)ATA *
2 | N\
I 04 .
O MODE
E - (10 94{&) -
t
> 0.0 :

-04 00 04
HORIZONTAL JUMP (mils)

Figure 23b. Probabilistic analysis of projectile jump: tube #4992.
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Figure 24a. Probabilistic analysis of gun jump: tube #4994,
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Correlation of Dynamic Results to COI Test Data

The results of the present study indicate that the projectile band stiffness rather than its
eccentricity interact with the tube’s profile to produce the calculated exit conditions of the round.
For eccentric rounds, the response distributions are the same regardless of the tube, whereas
their mean values are only mildly tube dependent. In the remainder of this section the SIMBAD
mean value responses of projectile jump due to band stiffness are discussed in light of the COI
firing data. )

Figure 26 presents the mean values of the exit responses for the three band stiffness
distributions for all ten tubes. The DIT tubes are indicated by the solid triangles, whereas the
STD tubes are indicated by hollow triangles. The data certainly shows the effect that band
stiffness has upon exit response. For the case of flexible bands (upper left in the figure), the
spread in the mean exit values is quite large compared to either the normal or stiff band
distributions. Recalling that the same distributions were used for each tube, the response to the
flexible distribution appears to be intermingled among both DIT and STD tubes. In other words,
there is no gravitation of the response to the type of profile indexing method. However, as the
band stiffness becomes greater, the responses tend to migrate according to index. For the case
of stiff bands, the responses for four of the five DIT tubes are located extremely close to the
point 0.10-mils horizontal by 0.50-mils vertical. For all five of the STD tubes, the responses are
located near the point 0.00-mils horizontal by 0.70-mils vertical. The spread for this group,
however, is greater than that of the DIT group.

Presumably, as the band stiffness increases (note: the normal band stiffness distribution
most closely represents the experimental work of Lyon (ref 11)) the location of the exit response
begins to approach the actual COI patterns of the shots. (Refer to Figure 3 for the COI data.)
Recalling, the mean COI value for four of the five DIT tubes were at the point 0.25-mils
horizontal by 0.60-mils vertical, and all five STD tubes had a COI average of 0.10-mils horizontal
by 0.85-mils vertical. What we hope to conclude is the existence of a constant offset vector
(COV) which, when added vectorially to the exit condition of the shot, reproduces the impact
location of the round at the target. If such a characteristic exists, the aim point for a particular
tube, projectile, and charge could be adjusted based upon the results of a dynamic analysis and
the COV for the gun and round being used. For example, a dynamic analysis indicates that the
muzzle jump of a particular projectile and tube combination is 0.50-mils horizontal by 0.15-mils
vertical, and the COV has been determined as -0.15-mils horizontal by 0.23-mils vertical. The
aim point should be set at -0.35-mils horizontal (-(0.50 - 0.15)) by -0.38-mils vertical (-(0.15 +
0.23)). Owing to the fact that other mitigating factors exist (i.c., contribution of sabot discard,
etc.) that affect the flight of a round, it is hoped that these factors are constant in the COV for a
given projectile. This being the case, the calculation of a COV using projectile exit calculations
is quite feasible. The data and calculations will be queried to see if a COV approach is possible.
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Figure 26. Probabilistic analysis: projectile jump averages.
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Define the individual offset vectors (IOV) as the vectorial difference between the mean
COI values and the mean projectile exit conditions for each tube at a given band stiffness
distribution. The results of these calculations are shown in Figure 27. Unlike the actual COI
values, which tended to gravitate by type of profile index, the IOVs tend to fall into two groups
(defined by elliptical enclosures) that contain both DIT and STD tubes and two DIT "flyer’ tubes.
The spread within each group is large for the case of flexible bands and becomes much smaller
as band stiffness increases. The most populated group contains five tubes--three of which are
the STD type. The mean value for this group resides at the point 0.30-mils horizontal by 0.50-
mils vertical for the case of flexible bands and finally settles at the point 0.20-mils horizontal by _
0.30-mils vertical for the stiff band distribution. At this point the spread among the five points is
roughly a diameter of 0.25 radians. The IOV responses for the second most populated group
reside very close to the axis in the horizontal direction and progress from slightly above to
slightly below in the vertical direction as band stiffness increases. Also, as band stiffness
increases, the spread in the IOVs decreases. The two ’flyers’, both of which are DIT tubes,
reside at the outskirts of the graph and are relatively insensitive to the band stiffness distribution.

What conclusions may be drawn from this information? For five of the ten cases, the
COV is well defined at 0.15-mils horizontal by 0.30-mils vertical. It may be argued that this
COV value is common for many M256 tubes. This being the case, aim compensation vectors
may be calculated for all tubes in this test and impact results plotted as target graphs. The
results for the case of normal band stiffness distribution are shown in Figure 28.

Figure 28 presents the actual impact locations at the target if an aim compensation vector
using the results of dynamic analysis and the calculated COV is employed. Eight of the ten cases
fall within a 0.40-mils horizontal by 0.60-mils vertical rectangle centered slightly below the
horizontal axis and through the vertical axis. The two “flyer’ rounds again reside on the outskirts
of the graph. By comparing these results to the raw impact data in Figure 3, benefits may be
realized in both the COI average and the spread among tubes. These same eight cases when
mapped back to the actual COI graph reside in a rectangle of 0.40-mils horizontal by 0.80-mils
vertical the center of which is 0.20-mils horizontal by 0.80-mils vertical. A slight improvement in
the COI spread in the vertical direction is indicated. -

A small but realizable consistency in tube-to-tube accuracy may be achieved by
incorporating a detailed dynamic analysis for various combinations of tube and round (at specific
temperature) and employing a COV that may be calculated from previous firing data and
dynamic analysis.
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DISCUSSION AND CONCLUSIONS

The topics of gun dynamics, bore profile estimates, shot accuracy, probabilistic analysis,
and a semi-empirical approach to estimating shot accuracy have been cited in this report. This
section contains discussions of the analyses in which the above topics have been included and
conclusions based upon the findings from these analyses. The main points of the report are
discussed again in light of their relevance to the topics.

The first point discussed concerns the relevance that bore profile and curvature have
upon tube acceptability through the use of gun dynamics. Granted, it is impossible to
manufacture perfectly straight gun tubes due to the their slenderness ratios and propensity to
warp during manufacture. Current inspection procedures place restrictions on the amount of
profile deviation between measurement points and along the total length of the tube. The real
culprit in regard to dynamic excitation is not profile straightness but local curvature. A gun tube
may pass profile inspection, but it may possess high degrees of curvature along its entire length.
A projectile forced to ride along this ’bumpy path’ will most certainly cause self-induced vibration

and vibration to the tube as well.

Bore profile data for the ten tubes used in the test were presented along with a method
of determining a correct functional fit of the data points using the chi-square statistic.
Parameters of this method include both the number of inspection points and the accuracy of the
inspection readings. By twice differentiating the profile fitting function, tube curvature is
calculated. This tube parameter, which was different for each tube, proved to be critical in each
of the gun dynamics models. The intent of the DIT test was to verify a tube indexing method
that enhances accuracy. Results from studying a portion of the data indicate a definite migration
of shot impact locations dependent upon the indexing method. Only one round type at one
propellant temperature was studied. :

It may be concluded that a better method of specifying bore straightness based upon local
and overall curvature needs to be developed. Possibly, the same type of algorithm to calculate
profile and curvature used in this analysis may be incorporated in the inspection loop during tube
manufacture. Curvature calculations may be reported as well as profile data. Acceptance
criterion based upon curvature may be specified.

The second point discussed concerns the use of and correlation between two dynamics
models to estimate shotfall patterns based upon exit dynamics. The models used are Ben€t’s
USM and Simatic’s SIMBAD. A number of supposed sensitive parameters were identified and
modelled using the two codes. The figure of merit for both models is the kinematic state of the
tube’s muzzle and/or projectile at shot exit. Muzzle or projectile jump is defined as the deviation
from aim of the projected direction of the shot at exit. Since the USM employs a solid shot,
projectile jump and muzzle jump are equal. SIMBAD uses a flexible shot, therefore, muzzle
jump need not be the same as projectile jump.

The parameters include clearance between the mount and tube, ballistic variations within
a given shot, gun tube bore curvature, stiffness of the projectile’s bore riders, and projectile mass
eccentricity. The conduction of an initial study determined the robustness of these unknown or
unmeasured parameters. Results indicate that neither ballistic variations nor projectile mass
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eccentricity in SIMBAD affect the figures of merit, therefore, these parameters were set to their
nominal values for the remainder of the study. Both projectile and muzzle jump, however, were
sensitive to all remaining parameters. The most sensitive was mount clearance. Engineering
drawings were examined to determine a range of clearance due to tolerance stackup. For the
full range of this parameter, projectile and muzzle jump varied considerably in the vertical plane
and slightly in the horizontal plane. Bore curvature for each tube was unique. Muzzle and
projectile jump values showed much sensitivity to this tube parameter. Jump values proved to be
quite sensitive in both vertical and horizontal planes to projectile band stiffness in SIMBAD.

For both the solid and flexible shot, both SIMBAD and the USM predicted the same
level of gun jump as mount clearance was incremented through its expected range. In SIMBAD
projectile band stiffness coupled with bore curvature affected projectile and muzzle jump. A
definite coupling exists between these two parameters since strikingly different projectile jump
distributions were indicated as these parameters were tested. Muzzle jump for eccentric solid
shots for both models indicated sensitivity to the level of this parameter, but a coupling to tube
curvature did not exist.

The third point discussed concerns the use of probability theory to predict shot accuracy
from the results of dynamic analysis. Since many of the system parameters were ¢ither unknown
or not measured, one must resort to probabilistic analysis to generate system parameters needed
in a dynamic model. In this type of analysis, the values of uncertain or unknown parameters are
randomly drawn from an expected statistical distribution having a mean and standard deviation.
Therefore, a given distribution of input values results in a distribution of output responses having
its own mean and standard deviation values. The likelihood that a response occurs is cast as a
probability; the higher the probability, the more likely the occurrence of the response.

For this study neither bore curvature nor mount clearance was considered to be random.
The bore characteristics for each tube were set based upon the previously mentioned chi-square
analysis. The mount clearance was set at 0.009 inch since it appears that this value is reasonable
based upon the initial study. The projectile characteristics of band stiffness and mass eccentricity
were considered to be random. For each, three separate distributions (ten values in each)--each
possessing its own mean and standard deviation--were calculated and employed as model inputs.
The USM was used to rate gun jump for mass eccentricity distributions, whereas SIMBAD was
used to rate projectile jump for band stiffness distributions.

For the mass eccentric projectiles, response distributions were very tight for eccentricity
distributions having small mean values (intuitively correct) and quite disperse for eccentricity
distributions having large mean values. The response distributions, however, were not sensitive
to the gun tube, since the same response distributions persisted for each tube. Based upon these
findings, a coupling between eccentricity and bore curvature does not exist.

The same is not true for the case of projectile band stiffness. Projectile jump response
distributions are widely dispersed for flexible band distributions and less dispersed for stiffer
distributions. Each response distribution is unique for a given tube, therefore, coupling exists
between bore curvature and projectile band stiffness. As the mean value for band stiffness
increased, the response distributions became less disperse and approached the mean COI values
for most tubes. This leads one to speculate as to the possibility of using probabilistic methods to
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determine parameter values in a pure dynamic analysis to improve aiming corrections for a given
tube and projectile type.

The fourth point discussed concerns the feasibility of using a semi-empirical approach for
the prediction of shot accuracy. The empiricism involves the use of experimental shotfall data
for a given round and temperature condition to establish a baseline COV. A small sample of
test data that met the given criterion was used to determine feasibility. This calculated COV
couples the rounds exit direction from the dynamic analysis to the projected impact location in
angular measure. For fifty percent of the test samples, a definite COV exists. It resides in a
small circular region (0.25 mils) slightly above and to the right of the aim point in cartesian
coordinates. In retrospect, by using the COV method for the test rounds used in this study, a
small but discernible improvement in impact locations could be realized.

Further study of this method to inciude more rounds and more gun tubes is warranted.
It is recommended that this approach be continued with the intent of gaining improved accuracy
(albeit slight) across the full family of rounds for our M1A1 tank.
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